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Outline

e Neutrino oscillation: status and goals
o T2K experiment: design concept, components
e Far detector event selection

» Oscillation analysis result:

- v —V appearance

« v — v disappearance
U U

» Conclusion (and future prospects)
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* One set is the linear combination of the other (3-v framework):

Weak states

*
* \h.’
*

Neutrino mixing

« Neutrino oscillation implies that neutrinos have mass and the mass
eigenstates and the weak eigenstates are not identical
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U: Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino-mixing matrix
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Atmospheric

Vi M—Y
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There are two independent mass

differences: Amij2 = mi2 — mj2

that drive v oscillations: Amzl2 , Am322

[Am_*|:only its absolute value is known
— ambiguous mass ordering!
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Neutrino mixing status

« 3-flavor mixing: PMNS (unitary) matrix can be parametrized by three mixing

angles (eij) and one complex (CP violating) phase (0):

MARIE 0 0 | | cos@,; 0 Sil_@' |
X

cosf, sinf,, (!

v, |70 cos6, sin6y X 0 l ' —sinf,, cosf, 0|X
v, |0 —sinf,; cos6,|| |—sind,e” 0 cosd, 0 0o 1
Atmospheric & accelerator: - ~ / Solar & reactor:
0, =~45°+6° O, 34°+1°
(Am, )? = 2.3x10-3 eV Lilietiie . (Am._)?= 7.5x10-5 6V
= 013=9.1°iO.6°
' » first hint of non-zero 6_, from T2K (2011)
z uf « conclusive measurement by reactor experiments
§ : (Daya Bay, Double Chooz, RENO) in 2012
2 105F

Goal of next generation experiments:
. CPVphase:d_,

: 2
- mass hierarchy (Am®, > 0?)
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Neutrino oscillation

* Neutrino mixing leads to a reach neutrino oscillation phenomenon

. At accelerator-based oscillation experiments (v beam) one can study

Vv disappearance:

U

V_appearance: P(v, — v, mu,‘me};
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The Tokal-to-Kamioka experiment

Main objectives:

- Discover (and measure) v —v appearance (6_, )
U e

« window to explore CPV in leptonic sector (d)

« Improve measurement ofAm223 and 923 in v disappearance
yz;

Requirements:

« \Very intense v beam
 Massive far detector (Super-K)
* Long baseline (295 km)

* Near detector (v flux and
composition near source)

« Off-axis design

* enhance sensitivity at oscillation
maximum

» reduce intrinsic background
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Off-axis beam concept
 T2K s the first long-baseline v experiment using an off-axis beam

J-PARC _
Off-axis detector ﬁ% Far Deteu::tn:ur
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'%f I75 o> He
&Horns Decay pipe Cn axis detector (INGRID)

Muon m':”_”t':'r Mear Detec:tn:lr

I
D m 'IED m 280 m ﬁ 293 km

 The concept has been proposed first by a BNL design report

Long-baseline neutrino oscillation experiment at the AGS, D. Beavis, A.

BNL 52459 (1995)

Abstract: ... A key aspect of the experimental design involves placing the

Carroll, I. Chiang, M. Diwan, et al. (E889 Collaboration), Physics Design Report,

detectors 1.5 degrees off the center line of the neutrino beam, which has the
important advantage that the central value of the neutrino energy ({approx} 1
GeV) and the beam spectral shape are, to a good approximation, the same
in all four detectors. ...
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T2K off-axis beam

* The v beam is aimed 2.5° off the direction of Super-Kamikande:

J-PARC

Muon monitor

l |

Off-axis detector

FY

p & X -
m T 250
&Horns Decay pipe T

‘F " Far Detector
- Relhe ;ﬁh C(sK)
)

n!:l"_l—_lﬂliﬂ detector (INGRID
MNear Dtletec:tur -

=]
8

E
[=]

e T

Oscillation probability

————]

-
= T _ It
= A, =2.4x 107 eV ic™]
& 05
E h 1

1.0 ! A ——
E ’ Interaction cross-section
2 i CCOE
"-1.‘_ 1
F:E .-“{F?H‘“x CClmn
a 05| /0 e NClm
(=1 { b e L
=, |I i ---"'--_____ T T ———
S
° LT :

Q e 10 2.0 3.0

BNL 03/28/2013

Meutrino energy[GeV]

0m 120 m 280 m » 295 km
P NE"“E&E&: « Narrow-band beam with peak energy (~600 MeV)
EF ), 025 tuned to first oscillation maximum: more sensitive
R LIW\ T e to oscillation
L 1000 .
. i

* Reduced background due to non-QE interactions
and NC feed down from high energy v, tail

ol by L ey

Parent pion
decay kinematics

DAB 2 degree
DAB 2.5 degree
DAB 3 degree
Low v v by vay
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Accelerator complex

Main Ring
30 GeV

N
detector
_. I{ZSDWPQQ
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Made in BNL

BNL Superconducting Magnet Division (Peter Wanderer, head) contributed to
T2K proton beam line:

« combined function (bend+focus) principal magnets: some of the design
concepts were adopted from the RHIC magnets

e combined function corrector magnets: constructed at BNL
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Near detector complex
On-axis: INGRID

v beam direction and profile

Off-axis: ND280

v flux norm./spectrum and
Cross sections
inside UA1 magnet (0.2 T):

2 fine-grained detectors (FGD)

water/carbon target
3 gas TPCs

n0 detector (POD)
| electromagnetic calorimeter (ECal)

SMRD: instrumented
magnet yoke

7+7+2 modules

« scintillator/iron sandwich
« 10x10 m?

+1 proton (no iron) module

_

U4 1 Magnet Yoke
T ST TR C O
Detectors

W= (pi0

Barrel
ECAL
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Beam stability

INGRID
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Day (with Physics Data)

« Beam direction is stable well within 1 mrad requirement
(<2% shift in peak beam energy!)
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ND280 performance

: FGD cluster timing (w/ 6 beam bunches
Magnet on (0.188 T) 01:57 JST, Feb. 5, 2010 ) g ( | )
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Excellent spatial, momentum, and timing resolution, and PID capabilities!
TPC dEde (pnﬁmve tracks) TG dEde (negative tracks) Sl 63885

P — B Prob 4.9440-05

mLiong 2 Constani 191.94 69
Mean 1.333 + 0,003
Sigma 010414 0.0023
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Far detector: Super Kamiokande IV

« Water Cherenkov det.: 50 kton (22.5 kton fiducial)

e ID: 11k 20" PMT (40% photo coverage); OD: 2k 8"
veto PMT (optically isolated from ID)

« New readout electronics and DAQ: no dead time Inner

(improved decay-electron tagging) ﬁ;iecmr

 GPS based event timing

QOuter
Detector

» \Very efficient e/p separation based on light pattern (o0

(~99% at 0.6 GeV)
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T2K data until June 2012

x10'® x10"2
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iIme

w . : (<]
2 Delivered POT (Good Spill) 0
0O 300 ® Prot Ise (Good spill ‘ =
s i POROR PeF piee [ondt spa) Great East Japan o
5 250 ;' Earthquake o
% E » “4 |(March11,2011) Q.
200 S K 5
++ C Q
f— el
- 1501 ) Recovering facility _ o
by — ’ g " 4 -li - b
g 2 \l H! (acc., beam-line etc..) Se - Q.
% 100— R 1 l?" Beam re-commissioning,
o E’: UI'I _'.‘,.15_1; Repairing horn power supply

 Latest results based on Run 1-3 data

 integrated POT: 3.01x10%° (4% of approved total POT)
« first publication in 2011 used Run 1+2 (1.43x10%° POT)

e Stable running at up to 200 kW (=1x10™ POT/spill)
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SK event selection

Pre-selection:

v selection

E,, >100 MeV

1 e-like ring

No decay electron

Forced 27 ring
(m,, < 105 MeV/c?)

e

E" <1250 MeV

L
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Timing coincidence
with beam (+TOF)

Fully contained
(no OD activity)

Vertex in fiducial vol. VIJ selection

(>2m from wall)

<—l S E,, >30 MeV
v, appearance v, disappearance

1 u-like nnﬁ

 Unbiased event selection

Final v analysis selection
e

« Set in advance based previous
experience with SK detector and MC
study

Neutrino Oscillation at T2K
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SK event timing

« All hits recorded within +/-500 ys window 10"
around beam spill arrival time to SK
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SK selection: FC/FV

é

« Fully Contained: no OD activity
 Vertex inside Fiducial Volume: 200 cm
from the wall
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SK selection: ring counting and PID
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SK data reduction (so far)

MC Expectations
RUN1+2+3 BG

3.010x102°POT (12us window)
sin?2013=0.1 sin?2013=0

240 231.6 216.4 465.8 0.039
174 163.4 152.7 322.0 0.0048
Single-ring 88 85.6 76.5 222.7
p-like 66 (65) 61.8 (61.4) 61.8 (61.4) 201.4 (200.1)
(p,>200MeV/c) : : ’ ’ .
e-like
(p->100MeV/c) 22 (21) 23.8 (21.7) 14.7 (12.8) 21.4 (14.8) Fixed oscillation parameters:
Am’ =7.6x10° eV?

Am? ==£2.4x107 eV?
Multi-ring 86 77.8 76.2 99.2 sin?20,,= 0.8704

sin’20,,= 1.0
Nominal MC prediction with 3-flavor oscillation
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Final v event selection
e
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Final v event selection
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PID parameter

« reconstructed p.> 200 MeV/c

 number of decay electrons <1

58 v, candidates remain
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Oscillation analysis strategy

v flux prediction ~ ®(E )

Data driven simulation using
measurement of proton beam, horn,

external hadron production data
SK measurement

@ * Predict event rate based on tuned

ND280 measurement Ve SILmil?;uc: ®(E)o(E)g(E
» v CCQE and CCnon-QE samples e

j> « Fit observed data
 Fit data to constrain further flux and . Extract oscillation parameters (o)
cross section parameters

appearance: 6
N = O(E)o(E)e(E) Yo GPP 13

: . 2
ﬁ v, disappearance: Am~_, 923
Vv cross sections o(E)
Interactions models (NEUT) ®(E) and o(E) are not the same at the
constrained by external vand n near and far detectors, but they are
scattering data correlated through the underlying processes
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Flux tuning —

Start with FLUKA/GEANT3 based beam simulation

g rHn

ThFne Py ojiEethon
Chprmies i

3
L
5

Prediction tuned and constrained by

* in-situ measurements of p beam, horn current
and field, alignment, etc.

Timvin T Flight
== CHERGHIDOINS

e external hadron production measurements (in Projectite

Sqp e 1Ry

particular NAG61 at CERN) Catnctar

Phys. Rev. C 84 (2011) 034604 .
w P (2011) T2K replica target K* Phys. Rev. 85 (2012) 035210

p+C — ‘.n:++)( p+C — m'+X
= 0F : 3 = [
3 § 0.015- T 20NEelA0 mrad, - =8 1408240 nuad
5 I 3 _ LT Diﬂ_
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~ I - i
E F |t mied - 240 mad , H 3 \ ik i
g o e\ AT A
8 :::mm+mmm.u ; :.. -. i

mead —+— 350-420 mred |III iy II:. ) | l

1 P [(E:t:\ ]

10 1 10
p [GeV/c] p [GeVic]
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Flux prediction

SK Flux Prediction (All Runs) with Systematic Errors

Flux /(cm? - 10*' POT - 100 MeV)

Flux (/cm?/50MeV/10*'POT)
~ 32332
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Flux uncertainty

Run 1+2+3b+3¢ SK v,, Flux e 10-15% errors (before ND280 fit)
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— —— Kaon Production . —
< B —— Secondary Nucleon Production N Z o
.S [ E&%g%ngegrgeﬁ?}i%%%z?gagh Off-axis Angle | - 1
g 0.2 I Horn Current & ng’eld Sane [ ND280 vJJ SK Vll SK Ve
= i ] Flux Flux Flux
_‘l—'—'_"—"l_l_'—l_l_l_l_,f . Flux Energy Bins
ol = I . — » Correlations in the flux covariance
- —— | — e due to shared hadron production
0-_-1-1-1.-.-.-.-.-.-.-.-.-.-.-.-;::::::,-"" gt R s
10°! 1 10 . .
E, (GeV) *@
Neutrino Oscillation at T2K ?
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v Interaction tuning

« NEUT (GENIE) simulation incorporates basic nu interaction models (Elastic,
QE, Resonance/Coherent 1, DIS) + final state interaction (FSI) model

» Uncertainties are described by a combination of normalization and model

parameters, or incorporated into

QE1 O<BEv<1.5 GeV normalization
QE2 1.5<Ey<3.5 GeV normalization
QE3 Ev>3.5 GeV normalization
CC1m Ey<2.6 GeV normalization
CC1in Ev>2.5 GeV normalization
NC1m® normalization
MaGE axial mass (QE)
MARES axial mass (1)
pF Fermi momentum
Es binding energy
Spectral Function | model comparison
CC other uncertainty
CC Coherent uncertainty

BNL 03/28/2013

Parameters are tuned to and constrained by
external (v and & scattering) data or alternative
models:

 MiniBooNE CC11r and CCQE data
« NOMAD CCQE data at high energy

« K2K (CC1m° CC-coherent) and
SciBooNE (CC/NC-coherent) data used as
cross check

» Pion scattering data used to tune/constrain
FSI| model parameters

Neutrino Oscillation at T2K 27



V Cross section tuning

Fit to MiniBooNE CCQE data:
large discrepancy sets
uncertainty on M,

Simultaneous fit of MiniBooNE
CC11r and NCT1° data: constraint on
M, =5, CC11 norm (<2.5 GeV) and

NC11° norm

= NEUT nominal
— Best fit

6Ok

> [0 ]
g -
S T
g 4ofl i MBCCm
o 20} 5
3 e, 2
° . e - | . -
ST =
= 1.0 oottt AP ey , 3
gé 0.5} - E

0.0 05 1.0 1.5

Q% (Ge Vi)
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[
]

Lh

=

------- NEUT nominal

Best fit

—— MB CCQE data

(Shape-only error)

Data/MC  90/0Q* (107 cm?/ GeV?)
LN

— n o

0 02040608 1 1214 13.6
Q (
20 ———————
------- NEUT nominal
15t — Best fit
—+ MB CClr’ data

i i " i . i i

0.0

0.3

1.0 1.5 2.0
Q* (GeV3/ch)
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Data/MC 96/9p_, (107" em? ¢/Ge V)

o(E) (10% em?)

20)

18}
L6l
14F
12F

10F

-------- NEUT nominal

8
s — Best fit
af —— MB CCQE data
7t (Shape-only error) 7
E 15k
z S
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Ba—os 0 1 12 14 15 18 2
EV (GeV)
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—
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—
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b
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ND280 v CC event selection (Run 1+2)

H — _
« Good negative track starting in FGD1 - | -- -_

 Muon ID based on energy loss in TPC

 Upstream TPC veto o
Divided into two sub-sets: /
Ll LTI
« CCQE-like: only 1 FGD-TPC track and no waime ik

Michel electron (in FGD1)

e CC non-QE-like | FGD1 | | FGD2 l )

34 CCQE sample 3 2%

535“ 40% efficiency, 70% purity |
2 300 B CCQE

@

& 250 B CC L

200
150
100£

50

="'-"""l-t-

n M e

0 500 1000 1500 2000 2500 3000 3500 4uuu45uu 5000
P, [MeV]
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—2InL =

BNL 03/28/2013

ND280 likelihood

« Binned likelihood of the data in (p“,ep) combined with the prior
constraints on the v flux, v interaction, and detector systematics

p,0 bins

2 Y NPCUSLE d) - Nt 4 Njetein|Ngete /NP (£, 2, d))

E, bins E, bins

+ Z Z (1= ) (Vi1 = fr)

LSeC pars rsec pars

; z; ’z (1= ) (Vi im(1 = dn)
IVd( )|
In
+ ( IVdﬂDml )

Neutrino Oscillation at T2K

—

F 2 X (om0 m(non — 2m)

e
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Fit to ND280 data

— Data

CCQE: 0.94<cos6,<1.00

80F
60F
40
20

re-fit Prediction

ost-fit Prediction

Simultaneous fit to the CCQE
and CCnQE data binned in

(p,5)

Maximizing the combined
likelihood with respect to the
flux and shared cross section
parameters

Marginalizing uncorrelated
parameters b/w ND and SK

BNL 03/28/2013

CCnQE: 0.94<cos6,<1.00

40 CCQE: 0.90<cosd, <0.94

20

CCnQE: 0.90<cos6,<0.94

60
40

CCQE: 0.84<cos6,<0.90

Events / (100 MeV/c)

CCnQE: 0.84<cos6,<0.90

20

CCQE: -1.00<cos0,<0.34

CCnQE: -1.00<cos6,<0.84

2000
D, (MeVie)

1000

Neutrino Oscillation at T2K

1000 2000
D, (MeVic)
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Systematic parameters after fit

» Flux and cross section parameters slightly change after to the ND fit

* Uncertainties are significantly reduced

‘ SK Vi Flux Parameters & Uncertainties |

= —— M, % (GeV)

2 14
g - Prior to ND280 Constraint
5 1.3 M &5 (GeV)
E After ND280 Constraint A
E CCQE Norm. 0-1.5 GeV
>
= CCQE Norm. 1.5-3.5 GeV
CCQE Norm. >3.5 GeV
0.7 L] . . e CC1m Norm. 0-2.5 GeV
1 10
E, (GeV) CC1m Norm. >2.5 GeV
\ SK v, IFlIuTxIParameterls & Iljnclertainties . | NC11® Norm.
2 14 | |
= 13 B Prior to ND28O Fit Fermi Momentum (MeVic)
5 After ND280 Fit
g Spectral Function
=
P CC Other Shape (GeV)
[

0.74—————! —
1 10 Parameter value, uncertainty is extrapolated to SK sample

E, (GeV)

BNL 03/28/2013 Neutrino Oscillation at T2K

Before fit After fit
1.21+0.45 1.19+0.19
1.162 + 0.110 1.137 £0.095
1.000 + 0.110 0.941 + 0.087
1.00 + 0.30 0.92 +0.23
1.00 £ 0.30 1.18 £ 0.25
1.63 +0.43 1.67 +0.28
1.00 £ 0.40 1.10 £ 0.30
1.19 £ 0.43 1.22 +0.40
217 + 30 224 + 24
0(off) + 1(on) 0.04 +0.21
0.00 £ 0.40 -0.05 £0.35

Parameter value, uncertainty is determined from
MiniBooNE single pion samples
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Correlation matrix

Pre-fit Parameter Correlations

Post-fit Parameter Correlations

@ B =
o .2 .8 T
g S3 5 5 &5 -
= | b= o - I
g R ] O S o ] i)
~ ] ) SR B )
= : = ;
o ] [ ]
= ] = J
7] ] vl _
z 114-0.5 z 1 -0.5
E - A :
Z o ] Z ]
ND280 v, SKv, SK v, | v Cross -1 ND280 v, SKv, SK v, | v Cross -1
Flux Flux Flux Section Flux Flux Flux Section
Fit Parameters Fit Parameters
* The fit also modifies the correlations between parameters:
» the flux normalizations become more diagonal
» flux and shared cross section parameters become (anti-) correlated
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Predicted far detector V. event rate

» Ratio of signal (background) prediction before/after the ND280 fit

| Energy Dependent Tuning: SK v, Signal |

%ﬂ Prior to ND280 Fit -
E 1.4 fter ND280 Fit Ve Slgnal
é 1.2
= 1
0.8
v CC background 0.6———Z300 " To00 1500 2000
c J True E, (MeV) v, NC background

‘ Energy Dependent Tuning: SK v, CC Background
| Energy Dependent Tuning: SK v, NC Background |

) e

g e — T T T T T T T T

g Prior to ND280 Fit B

= 1.4 = Prior to ND2R&O Fit

< After ND280 Fit S 14 .

2 =]

k= -2

B 8

L =

£ £

opl—— L N S T T E
00 1000 1500 2000 ' 500 1000 1500 2000
True E, (MeV) True E, (MeV)

band represents the error from flux + shared cross section
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Predicted far detector V. events

 ND280 constraint reduces systematic uncertainty significantly

Event category

The predicted number of events

sin? 2615 = 0.0

sin® 2615 = 0.1

Total 3.22 10.71
Ve signal 0.18 7.79
Ve background 1.67 1.56
v, background 1.21 1.21
v, background 0.07 0.07
Ve background 0.09 0.09

Uncertainties

v, bkrd v, sig+bkrd

arbitrary unit

arbitrary unit
[—
Lh
S
S

I I T

7] wio ND28BO fit ]
Bl w/ ND2BOfit -

sin*20,,=0
sin’20,, = 1.0 i
A, = 24x10 Tev?
{MNormal hierarchy)
b =0

3010 x 107 podt.

~ sin26,,=0.1

L sin®20,,=10
—  AmS, = 24x107 eV?

{Normal hierarchy)

77 wio ND280 fit
Bl v/ ND280fit |

v flux+xsec +8.7% +5.7% F 8 =0

(constrained by 10000 301010 pot.

ND280) . i

v xsec (unconstrained +5.9% +7.5% 500; ]

by ND280) ot .. .7 B

Far detector +7.7% +3.9% 0 5 10 15 20
Total +13.4%  +10.3% Expected # of signal+background events

No ND measurement

BNL 03/28/2013

18% (2011)
normalization only
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Significance of V signal
e

L |
10
The observed number of events (toy MC)

MC Expectation w/ sin220,3=0.1
RUN 14243 3010x102 POT | Data |5
;’ug_:'vn BG total | CC{vutvy) | CClvetve) NC
Fully contained FV at beam timing 174 12.35 165.47 117.33 7.67 4048
Single ring 88 1039 | 8278 | 66.41 482 | 1155
e-like 2 10.27 | 1560 272 479 | 8.10
E,i>100MeV 21 10.04 | 1353 176 475 | 101
No decay-e 16 863 | 10.09 033 376 | 600
2v invariant mass cut 11 8.05 4.32 0.09 2.60 1.64
Eyee < 1250 MeV 781 | 292 0.06 1.61 | 125
{MC sin?28,:=0 case) (0.18) (3.04) (0.06) {1.73) (1.25)
Efficiency %] 60.7 1.0 0.0 200 | 09
R Y Moty S 11 events observed
S Expected bckg: 3.22 +0.43 (6., = 0)
g 10
3 p=0.08% (3.20)
10?
! Clear evidence for v appearance!

BNL 03/28/2013 Neutrino Oscillation at T2K



measurement
variables
v, signal
o~ . .{lq
& [ :
a [ 03
% n
E“ ; 0]
O 500 1000 1500
momentum (MeV/c)
v, background
= 130 5 5 04
g b k 03
g 100} Ve g.
5 i 02
%n 50 : ol
O S0 1000 1500
momentum (MeV/c)
BNL 03/28/2013

angle (degrees)

V_appearance fit

Extended maximum likelihood fit to extract sin22913
ﬁ(ﬁrubs.? L0, f) — ﬁnnrm(ﬁrﬂbs.;ﬂv f) X "Cﬁhﬂpﬂ(m; 0, f) X ﬁsyst.(i)

oscillation
parameter

3 analysis methods:

150
100

50

%

rate + (p_,0_) shape

systematic parameters
(prior: ND280 results)

f=(b,x) parameters propagated
to SK fit (marginalized)

. | mi - (m, = By)2 —m2 +2(m, - B,)E

=

2(mn — Ep — Ee + pecose)

T T T T T T T i T T
. reco
s1n22613 =0.1 E — Osc. Ve CC
A%

3p=0
Am2, = 2.4x107 eV? — V. CC
— NC

(area normalized)

rate + E °
AY, ETEC‘
rate only
.<e(, 0.15
Ve P8 i
(v,0,) ot
v, background = 01
5 5 M 5 i
. vuibkg. g -
oot e p= i
: (N;CT[ ) I e 0.05—
"""""""""" I -
= I
500 1000 1500 05

momentum (MeVi/c)

Neutrino Oscillation at T2K

1 | 1 1 I 1
500 1000
Reconstructed neutrino energy (MeV)

37



Predicted (p ,0 ) shape (PDF) in SK

sin20_ =0.1
13
2 003 0<b<l0® 10<B<20°
& 0.02F
3 ooE S_F‘._‘__
z : |
E 0 .{13:— 30<B<40® S0 =H<H0°
2 0.02F
g0 .m%— -
0.03E 60<B<TO° F 70<B<80°
002 3
0.01E =
0.03F 90<B<100° F 1 10<B<120°
0025 3
0.01E ;1_
0.03f 130<f<140° | 140<b<180°
0.02F -
0.01F r”- -
0 1000 ) 500 1000

mnmenlum (MeV/c)

momentum (MeV/c)

1 500

probability density

sin“20 ,=0
003E D<B<l0®  F 10<B<20°
0.02F 3
0.01 = = h
'_d-—-—___‘_ s \ .
003F 30<B<40° [ 50<A<60°
0.02F 3
0.01E 3
003F 60<B<T0° 70 <H<B0°
0.02F 3
0.01E 3 ;-'q_
003 90<B<100° E 110<B<]120°
0.02F -
0.01E ;-LL 3 F-"I_
0.03F 130<B< 140° F 140<B<180°
0.02F -
0.01E 3
0 500 1000 ) 500 1000

momentum (MeV/c)

1500
momentum (MeV/c)

Systematic uncertainty is dominated by Systematic uncertainty is dominated by
flux, CCQE and CC1r paraeters, x_,

and SK detector efficiency

BNL 03/28/2013

SK detector efficiency and W__

Neutrino Oscillation at T2K
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V_appearance fit result

Data vs prediction at best fit point assuming dcp=0, normal hierarchy
|AmZ232]=2.4x10-3 eV2, sin22823=1

Runl+2+3 data {3.01020 POT): I\'"I =11

(fit assuming normal hierarchy, bm.=0;
- 035 z
5 120 0.3 = 6
ﬁ 100 0.25 < 5
5 80 02 S
2 60 0.15 3
40 0.1 3
20 0.05 1
B 200 400 600 800 1000 1200 1400  ° O% 200 40 60 80T 100 120 14
momentum (MeV/c) angle (degrees)
best fit sin’26, = 0.094 best fit N, = 10.18
68% 0.054 <sin'26, <0.147  90% 0.033 <sin*20 , <0.188
iz B -
5 =
- s
- &
S
*
000 1200 140 0.2 0.3 0.4
momentum (MeV/c) sin*20 ;3
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Confidence intervals

Fixed oscillation parameters:
Am? =7.6x107eV?

. Allowed region of sin°26,_(scanned over 0) po. Gipetniil
_ sin20,,= 1.0
Normal hierarchy Inverted hierarchy 3p is scanned
O o
© i “© _
21 2
0F —9y 0F 0L
= — Best fit - — Best fit
Run1+2+3 data Run1+42+3 data
B (3.010¢20 POT) (3.010e20 POT)
=) = normal hierarchy <2 inverted hierarchy
E IAm?,I=2.4x10° eV? IAm3,l=2.4x10" eV?
C Lo N T S S R S N C 4 CING I R T N T R N
0 0.1 0.2 0.3 04 0 0.1 02 03 0.4
sinQQ(FJ13 sir122813
. 2 o +0.053 .. 9 o +0.063
o =
The other 2 methods give consistent results 68% CL at 5=0
BNL 03/28/2013 Neutrino Oscillation at T2K
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Comparison with 2011 results

Allowed region (normal hierarchy) Best fit + 68% CL errors (0=0)
sin’20_=1.0

best fit + 68% C.L.

B3k £ i e mvened hierachy
2F = : .
L Run1+2+3 data ] - Runl+2
C (3.010e20 POT) 1 e R et
1 :— normal hierarchy —: B
- AmZ,1=2 4x 107 V7] -
oF A — " _____________ Run3
15_ 68% C.L. _E I
) L B 90% CL. B - g Runl+2+3
- Best fit - | e .- - (3.01e20 POT)
b ] T2K(2011)90% L. -
- DN - T2K(2011) Best fit L
g | P I R B B
0 04 0.6 0 0.1 0.2 03 04
sin*26, , Sin22E)13
New, improved result is consistent Run 3 results is consistent
with 2011 result with Run 1+2
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v disappearance analysis
u

Fit the reconstructed E energy in 3-flavor mixing framework

Two methods:

extended maximum likelihood fit to rate + shape (E ) vacuum oscillation

(no matter effect)

ﬁ(fi f_j — ﬁnorm (53 f_a X ﬁﬁhapt}(ﬁ? f_3 X E""!jf"!‘3(-f_3

expected number unbinned systematic
of events spectrum shape uncertainties

e binned likelihood ratio (E “°): matter effect included

Ndata
_ 22 ( Ndata qu}q) + (NEKD erata)> (a—ag) TC l(a_ ao)

'.I"‘

Parameter Value | distrib systematlc parameters
Am3, 7.5x10% V2 Spectra istribution Eiﬂd correlations
sin? 2015 0.857

sin® 26, 5 0.098
Scp 0

Mass higrarchy Normal non-atmospherlc OSCIIlatlon
Basaling 296 km parameters are fixed

BNL 03/28/2013
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vﬂ data and MC prediction

B —+— RUN1-3 data . . before after
i - Vv, CC OE Systematic uncertainty | g, (it | Np2so fit
§) 15 [ [ v,+¥, CC non-QE
s | =R flux and v x-sections 21.8 4.2
-] : (MC w/ 2-flavor osc.)
B 10 uncorrelated v x-sections 6.3
B [ 58 events observed
£ - SK detector 10.1
Z. [
> FSI-S| 3.5
E Total 25.1 13.0
00 1000 2000 3000
Reconstructed v energy (MeV)
5] O — 08 rr r o 1| 1.1 1T [ 1t T 1T T | T T T 1 | I R — 1 T T ]
= - o - .
g 7E- (sin*20,,, Am3,) = (1.0, 2.4 x10™) 5 o ~ (sin20,,, Am3,) = (1.0, 2.4 X107 =
C = - -
L§ 6F .a 0.6 ] Total E
b - i - J
g SE Bl v/ Near Detector fit 8 0.5 —— Flux + Xsec w/ ND fit -
- = - -
2 4= - w/o Near Detector fit 0.4 other Xsec -
- = SK det. + FSI-SI =
3E- 03F ) =
T
IE I 0. lE A= ! -
% I L % { > 3 3 5 6
Reconstructed energy [GeV] Reconstructed energy [GeV]
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v disappearance fit

u

5 ¥F T T 72K awa 7 Yo 00032 | | | | =
% 30;— No oscillations —; p%: 0,003 o ]
E 2sE- Likelihood ratio best fit = — i ]
0 ')05— ——— Maxlikellhood best fit E NE% {}‘{]{}23:— T —:
F 1 4 = ]
15 — o.o026p 7 et ]
Nl O 0.0024[ | - %
SEfa ik ; ] - Maximum likelihood
(b; ;I:? I 1 % I :I | 1 1 I 1 1 .| 1 E G‘mzz—_ _—
1 2 3 4 5 5] — . . . . .
E_ /Gev 0.002|- Binned likelihood ratio -
é 1,6 __I I ' ' I ! J __ GJ{H’-}]'E __I 1 I L 1 L | 1 L 1 I 1 1 1 | 1 1 L I 1 1 1 I 1 | 1 | 1 1 1 —l:
% b E 0.86  0.88 0.9 0.92 094 096 098 1
= F ] )
2 12 E sin“(20,,)
g Bl 1 (SRR SR NN S | ]
E osF | J_l__r—'—' a E Best fit pomt:
S 1 E 5 ) 9
d : Am? =245 (2.44)x 10° eV
0.4 —¢— T2Kdata = 32
02 ;_ Likelihood ratio best fit _; . 2 _
: ——— Maxiauoodbestt sin“20_ =1.00
o . A [ ol e ey T 23
(% 1 2 3 4 5 6
E,../GeV
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Comparison to other experiments

S ) X 010§ = R I E I B R B R
L [ ]
P - T2K Likelihood ratio 3v 90%: CL -
:,;3 ﬂ.ﬂﬂEﬁ:— T2K Max likelihood 3v 90% CL =
— [ mmmm——— T2K 2011 2v 908 CL e
—. {}‘mm: MINOS 2012 2v 90% CL — 7
"":E‘-’“"‘ 0.0032F—— Superk 2012 L/E 2v 90% CL —]
<] - ——— SuperK2012zenth3v90% CL . e -
= 0.003F -
0.0028 -
0.0026 —
0.0024F - =
0.0022 T =
0.002 —
{-}imlg:'_l 1 1 I | 1 1 I 1 1 1 I 1 | 1 I 1 1 1 | 1 1 | I 1 1 1 I | 1 1 I 1 1 I_l:
0.82 084 086 0.88 09 092 0.94 0.96 098 1

sin“(26,,)
T2K already has the best measurement of 6_ ! B
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Future prospects

« Data taking this year is going well
« stable running at 230 kW beam power
 goal to reach 8x10%° POT before August shutdown (~6x10% now)

e OO v_appearance signal

« 2014: 1.2x10*' POT — 2015: 1.8x10*' POT — ultimately: 7.8x10%' POT

* Improve measurement of appearance probability: combined with
reactor results to see first hint of CPV and mass hierarchy

« Precise measurement of 623: maximal or not; also important for CPV
measurement

« Explore the possibility of anti-neutrino running

BNL 03/28/2013 Neutrino Oscillation at T2K 46



Conclusion

« T2K has restarted data taking last year after the 2011 earth quake
and

» Latest oscillation result based on first 3 years of data (4% of total):

. observed 11 v_candidate (3.2 background): 3.20 observation
« Observed 58 v candidates: best measurement of sin“20 ’a

- Nature has been kind to provide a reasonably large 0,

« opens the way to explore CP violation in T2K, Nova, LBNE

BNL 03/28/2013 Neutrino Oscillation at T2K

47



BNL 03/28/2013

Extra slides

Neutrino Oscillation at T2K

48



Probing CPV and mass hierarchy
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Accelerator upgrade

« Beam loss at MR injection limits proton/bunch ~ 3x10™ (1.5x10" now,
4.1x10" design)

« Path to 750 kW beam power (~2017)

« X2 proton/bunch

— LINAC upgrade (2013): ion source, RFQ (30 mA to 50 mA)
- RCS 400 MeV injection
- Capable to operate RCS upto 1MW (300 kW now)
- MR RF higher harmonics
* X2 higher rep rate (spill period from 2.5 sto 1.3 s)

- Replace all MR magnet power supplies (~5 years)

- High gradient RF core

BNL 03/28/2013 Neutrino Oscillation at T2K
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Appearance probability

2 o . o Amg L 2a o

P(v, = v,) = 405,51, 55, sin” - .”i] (1 + Amd, (] - 25']33)) 613

5o . | : AmiL . Ams Lo Amy L
"‘3("5:55-{125’1 35923(C12003 €08 0 — 512513523 cO8 —T;,— sin —;;--'} sin --—-r.-:-} £ CPC

. AmLL = AmiL . AmdL J
—H(Tﬁ*(ngr'g;guf';|-_gH|;;H-_g;{Hillr\]; Sin ml!:’ sin m'i,! sin ”!"_l CPV

4k 4k 4k
o Ams, L

-|--1."fl'l+j{-'.l":5 {{'é('f{ + “j'lllj‘q'f'!bfl 9 Zf- [_gf 1;{')] }L}H"J'] g COs ﬁ'} SOlar

j.m J . Am& L al o

Matter effect (small in T2K)

1E

Total 295km

0.02

0

. a—-aandd— -6 for v o 0.02

-0.04

a=7.56x10"[eV’] fp | 2 0.06
[g/cm’] | | [GeV] o 2

EV (GeV)
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V. candidate vertex distribution

dwall of FC Events for RUN1+RUN2+RUN3 R? of FCFV Events for RUN1+RUN2+RUN3
2000 5; —+ Dat - ——Data
B E e 4.5) 2 e
— , | Dwall 8= i R SEE
B L 3.5
B 4;_ 1 3, 4
1000 - —
£ |
St Run 1+2 ")
= 1
:>" 0 Run 3 0.5
»
L B GD 200 400 600 8(00 )1000 1200 1400 1600 00 500 1000 R;?or[r)ﬁ) 2000 2500 3000
L cm c
E B Fogem s | nm B o NC Dy an o WLEY PR PO z of FCFV Events for RUN1+RUN2+RUN3
> | ] 3.5 — Data
45 | =a.:-:|... N =§ignalv
—1000 [ : [~ o -Beam:—
[ +  Fromwall || === 1| Z i
[ i 51 i
B -+ F
| 2 ¢+
| Z25 | -
_2000 1 [ ] | [ 1 [ L1 | [ [ il ' | | 1.5}
-2000 -1000 0 1000 2000 si] | | B
. | - 1- u
Vertex X (cm) o5}

% 500 fooo 1500 2000 2500 3000 03500 1000 -500 0 = 500 1000 1500
[emh z (cm)

RUN1+2 RUN3 RUNI+2+3

Dwall 22.9%  94.7% 39.4% p values of different distributions

Fromwall beamH

1.34%  35.2% 6.05% evaluated with toy MC

R+ 7 10.5%  74.6% 32.4%
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Neutrino Cross section / Ev (10*%cm?)

E can be reconstructed from the energy L, =

EV measurement

Charge Current Quasi-elastic interaction
dominates at the T2K energy

and angle of the charged lepton

1.2 |

0.8 |
: Q’: quasi-elastic

0.6

0.4 [

0.2

=

- | =

[

{ (e,u)
E,6
> -
-1 Cross-sections

Total (NC+CC)

CC Total

DI ]
~-..CC single it ]

single «

W

I.I.I" 'IIIIJI.'IIII

0.5

BNL vs/zoa/2vu15

1

1.5 2 25 3 35 4 45 5

E (GEU ) 10 Oscillation E

mNEf _mfz/2

Vv
— E, + p,cosb,
< SK MC
*% Inelastic BG
E - o~80MeV

(Fermi motion)

| N CCOE

I
—01000 — /50 —-500 —250 0 250 500 750

[MeV]

v,rec v,true



Piecewise fitting

Maximize the global likelihood with respect to the oscillation (o), beam (b), and
cross section (x) parameters considering all relevant (external and internal)
data... Too difficult!

— —

[ﬁmt(a T,0) = Lpbeam (D) X Lnae1(b) X Lext—uv (T) X Lnpaso(b, T) x Lsk (b, T, 5)J

Piecewise approach: the data is fitted in steps and the constraints on the
nuisance parameters, b and x, are propagated b/w steps taking into account
their uncertainties and correlations:

 individual likelihood for flux and external cross section parameters are
evaluated using external hadron production and internal beam
measurements (prior ND280 and SK data)

« Fitthe ND280 data using a combined likelihood that includes the prior
constraints on the flux and cross section parameters

 Final fit to SK data: combine the SK data and the above constraint from the
near detector into a joint likelihood

BNL 03/28/2013 Neutrino Oscillation at T2K
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Flux and cross section parametrization

Parametrize the degrees of freedom in the flux and
cross section models:

B:(bfdm, bg‘”"“’“ . bfk, bgk ....) Normalization of the flux in true neutrino
energy bins at ND280 and SK

Semi-empirical cross section model
- __ (. OE _RES OE pF parameters (e.g. axial mass, fermi
(}C MA » X MA » x;rm'm y X )
M = M momentum) and energy dependent
normalization parameters

Evaluate prior (to T2K neutrino data) constraints on the flux
and cross section models:

Constraint from NAG61 and other hadron

> —1 ~1 T
In Lﬁuu(b)—Tﬂ bV, Ab production data, proton beam monitors

v —1 N : .
InL_ (¥)=—AxV_'Ax' Constraint from external neutrino data

and pion scattering data

BNL 03/28/2013 Neutrino Oscillation at T2K
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ND280 and SK combined likelihood

Form a binned likelihood with the ND280 inclusive muon sample
and the prior constraints on the flux and cross section models

- =1 Uncertainties

In L (b, X, d|N ypogo)=lIn L (X)HIn L 4, (b)HIn L, (d)] inthe ND280
reconstruction

- ., - \ Binned likelihood of the
+Hin Ly, (b, X, f’ﬂ N np2so) ND280 inclusive muon
data

Maximize the likelihood and marginalize over d and x parameters
that are not propagated to the SK oscillation fits

max (7 w\_ L AT r  f=(b,x) includes flux and cross section
InLypn(b,X)=—AfV, A ’
n Lyeir(b, X) JVial parameters, V, includes their correlations

Construct the likelihoods for oscillation fits to SK data including
the near detector constraint
InL,.(0,f, ---|h’;tm'): In Ly (f)+InLg (o, f, |Mm)
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Flux covariance matrix

The flux parameters scale the flux in bins of nu
energy and flavor at each detector

o vy 0.0, 0.4, 0.5, 0.6. 0.7, 1.0, 1.5, 2.5, 3.5, 5.0, 7.0,

30.0 GeV
o 7,: 0.0, 1.5, 30.0 GeV

o 12 00,05, 0.7, 0.8, 1.5, 2.5, 4.0, 30.0 GeV

o T.: 0.0, 2.5, 30.0 GeV

—— ND280 v, Flux
-------- SK v, Flux
T —— SK v, Flux

Fractional Error
o
[
|

>u
Y
O w0
o
—
=
v ;;.1
= v
M ©»
23
—
o =
=
— o~
o
- o0
N (|
] a
Z

ND280 v, SK v, SK v,
Energy Bins: 0-10 GeV

« Covariance evaluated between the flux
parameters, built from beam and
external hadron production data

BNL 03/28/2013
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Flux covariance calculation

« The effect of uncertainties (nuisance parameters) related to hadron production model,
proton beam profile, horn currents are evaluated on the predicted flux by calculating
the fractional covariance matrix (in nu energy and flavor, and detector bins)

Hadron interaction and proton beam
profile uncertainties (described by
several correlated parameters), the
parameters are sampled according to
their covariance and then the fractional
(flux) covariance is calculated from a
large sample of reweighted fluxes:

Horn and target alignment and horn
current and field uncertainties, that
cannot be treated by reweighting, the
flux is calculated at +1o0 variation of the
parameter and the fractional covariance
is calculated as

1 (f_j:.rmu - l,j;_‘i-}lzl,j}mm _ f_j;-i'}
r : i Vij = — .
May = 1 i |:f3':'””” - f.?'f‘}[f:l_’]-””“ — f_:uf‘} : 2 f.?l:-”””f,j}”””
N = T3 .
. N (hTEOTTL A TLOT . B . ~
k=1 L ) 1 |Zf.':|:- — ('_':ll. }IZE'"_]I _— f_':l:. }
g (T ATLOTT

byl
« The total fractional flux covariance (Vb) is the sum of the fractional covariance
matrices calculated for each uncertainty source.

* In the fits to the near and far detector data, the variation of the flux prediction is

modeled by parameters (b) that scale the flux in bins of nu energy, flavor and detector.

The covariance matrix of the b parameters is the total fractional covariance matrix.
BNL 03/28/2013 Neutrino Oscillation at T2K
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FSI tuning

NEUT FSI cascade model: pion absorption,
charge exchange, elastic scattering

NCrt* to NCr® v

Gﬂbmrp[ion (mb]

— |
S | ) )
Lo | — NEUT best fit
E| 2.5k
“lg | Scaled syst err.
o | &
i u )
= %‘ 2 +W shape
:-:| _: +FS1
I*__i:] ~f —4— MB NCIz" data
= [
B
= [
0.5¢
b o 12 14
p  (GeV/c)

BNL 03/28/2013 Neutrino usciiiatuon at T2K

150

100

50

0

Result of tuning (and error envelope)
to macroscopic pion absorption data:

IIIIIIIII|IIIIIIIIIIIIIIIIIIII IIIIIIII ]
— Nomunal

-+ Max. Increase

Max. Decrease

—— Ashery et al
—=— Jones et al

i —¢— Giannelli et al

0

100 200 300 400 500 600 700 800
" incident momentum (MeV/c)

FSI covariance matrix is
combined with detector
systematics
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* Uncertainties on the selection
efficiency, momentum reconstruction,
migration between samples

 evaluated with beam data, cosmic

ND280 detector systematics

and simulated events

* plus other efects

« Total covariance matrix: representing the
fractional uncertainty on the predicted
event number in each observable bin

4 = Vet + Vst + Vivshape + Veccon + Viveorn

¥}
Systematic error Error Size (%) _'E
Minimum and Total fractional [
maximum fractional error '%3’
error E
B-Field Distortions 0.3-69 0.3 &
Momentum Scale 0.1-21 0.1 -
Out of FV -89 1.6

Pion Interactions 0.5 - 4.7 0.5 &
All Others 1.2 - 34 0.4 e
Total 2.1-97 2.9 &4
-
(L
J

Py | Py |P2 Py

CCQE bins

BNL 03/28/2013
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pi] pl pl p]‘ p4
CCnonQE bins

l

0.5

Correlation
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ND280 detector systematics

CCQE: 0.94 < cos(b) <1
————— Statistical
Total Syst.
%h- 0.2:— L B f ‘ PR TN B Field Distoriona
o - ND CCQE Sample Out of Fiducial Volume
<018 ———— Sec. Pion Abs,
3 o 0.94‘:\':05(8“) <] Momentum Scale
c0.16} Michel Efficiency
E = Momentum Resolution
E 0.14— Broken TPC Tracks
o - Sand Mult. Pile-up
30.12' - : FGD Mass
E E : TPC Efficiency
™ 0.1 Charge Confusion
- TPC-FGD Matching
& Sec. Pion C.E.
008} Sand Muons
™ Sand Veto Pile-up
0.06} - TPC dE/dx
- = . Michel External Background
0.04} — ———— TPC Track Quality
- ' All Others
0.02f— = | r =
0 —_— ———— =55  — P P — e et

0 200 400 600 800 1000 1200 14(!3 1500 1800 20!‘.!)
Muon Momentum (MeV)

« Based special control samples (sand muon, cosmic, etc.)

* Currently, statics dominates
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ND280 vﬂ CC consistency check

« data and MC comparison before/after fit with fine binning

-‘;_l“ LI B BN LN N L N N NN RN NN R NN B i‘l
= 1000 (@ — = 1000
= - = Data ] 7
= NEUT nominal i =
= P | Post-fit Prediction | | e
~ spok &  NEUT nominal | 500
= i 4 Post-fit Prediction | |
o | i
i I 1
O | e— e O 0
= ﬁ' . = I;
< . S XL K ﬁ’%ﬂ < |
£ sk : i : L E sk
A 0 1000 2000 3000 4000 5000 & 770

p (MeV/c)

11
T manhl LR LERES LA LA AR RN LS LN I ]
g : (c) 3 = 1000
L 400 - —
S 1 £
= 300 - IE
- F E 500
E 2[)[}; :
S 100F =
g 0] - 0 0
= [’Jq:l i L *‘ *. . *‘** = [’jq:
~ 0 1000 2000 3000 4000 5000 & 70

P, (MeV/c)
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ND280 consistency check

PRELIMINARY
Intrinsic v_beam componentand NC
: % P ‘o) — signal + background -
n° rate in the near detector : fPODNC-n? — sign SO
= 20 background -
* represent the main background g F Data/MC=0.81+0.21 ]
sources to v_appearance 2 f (CC normalization) ]
10— —
* not yet included in fit (b/c low stat) - .
[ - -]
MC predictions are consistent with the BT I s o o S e
data G50 100 150 200 350 " 300 S50 2000 450" 300
Invariant Mass (MeV)
g ii: T " /Oth BCG E -é’ig'}“'fll
="t 7 ~ Misid BCG 0 POD B it no 0 :
S w0 7 B .
< F R = high energy v. =mnoinox’ =
3 *F A e Out of POD :
-E 0~ —— Data
“ st % FGD+TPC+ECAL v, (Data-MC p)| MC sis=0. 913&!?.26
p Jf + f(ve)ananic=0.8520.18 '
00= 500 1-l'.ll:lll 15{?0 2000 2500 3000 4.5 5 55 6
P (MeVic) Reconstructed E,, (GeV)
BNL 03/28/2013 Neutrino Oscillation at T2K

63



Cross section parameters

model parameters Before FIT After FIT (w/ ND28(0 measurement)
CCQE M, [GeV] 1.21+0.45 1.19+0.19
CClmalresonance) M, [GeV] 1.160.11 1.14+0.10
Fermi momentum surface Py [MeV] 217+30 224 623 .5
Spectral Function O]oft] - 1[on] 0.04+0.21
CC-other cross section shape 0.0£0.4 -0.05+0.35

CCQE E-dependence

1.0+0.11,1.0+0.11, 1.0+0.11

0.94+0.09,092+023, 1.18+).25

CClmiresonance) E-dep.

1.63+043, 1.0£0.4

1.67+0.28,1.10+0.30

NC-n' cross sections 1.19+0.43 1.22+0.40

CC-coherent 7 cross section 1-1 same (no additional ND280 constrained)
NC-coherent @ cross section 1.0+0.3 same (no additional ND280 constrained)
NC other cross section 1.0+£0.3 same (no additional ND280 constrained)
W shape in resonance model [MeV] B7.7+45.3 same (no additional ND280 constrained)
n-less A decay 0.0+0.2 same (no additional ND280 constrained)
CC-1xxrNC-1n" energy shape 0.0£0.5 same (no additional ND280 constrained)
Ove / Ovu 1.0+0.03 same (no additional ND280 constrained)

Parameters correlated b/w ND280 and SK
BNL 03/28/2013 Neutrino Oscillation at T2K
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Prior Value and Fitted Value and
Uncertainty Uncertainty

M, (GeV) 1.21+0.45 127 +0.19
MMRES (GeV) 1.41+0.22 1.25+0.13
CCQE Norm. 0-1.5 GeV 1.000 £ 0.110 0.951 £ 0.086 LI L L L L L B
CC11r Norm. 0-2.5 GeV 1.15 £ 0.32 1.37 £0.20 {2 B i
. E =0.75-0.8 GeV
NC1m° Norm. 0.96 + 0.33 1.15+0.27 i rec ]
= N i
Prior value and uncertainty from fit to MiniBooNE single pion samples ko)) 1 i CCQE ]
5 | _
; - -
| Reduction of v Cross Section Errors e - 1
s F 0 — m [ |
£ I : . ] o 0.8 =
a8 — Prior to ND280 Fit = 4
= - 1 B i
5 . i
E — After ND280 Fit B 1
S I l 0.6 m
L: 0-5 I - =1 L I L L L L I L L L L I 1 1 L 1 I L L 1 1 I L 1 1 1 I L L 1 L I L L=
- ' 3 -2 -1 0 1 2 3
I — ] Tweak (sigma)
- _Il -
0S¢ ¢ 5 & © @ & @ o =& Cross section response function (MAQE)
A A A A A
& & & & & & O < \g
S &S &
CS—’ G:)QQSJ Q‘Z‘J&é
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Systematic error contribution to the predicted improvement
number of events in the oscillation analysis w/ ND measurement

sin” 26, = 0 sin® 264, = 0.1 %
Error source wio ND measurement W/ ND measurement wjo ND measurement  w/ ND measurement
Beam only 10.8 7.9 11.8 8.0
M9E 10.6 1.5 18.7 7.9
M RES 1.7 1.3 2.3 2.0
CCQE norm. (£, < 1.5 GeV) 1.6 3.7 7.8 (.2
CClw norm. (£, < 2.5 GeV) .3 3.7 0.0 3.9
NC1x" norm. 8.1 7.7 2.4 2.3
CC other shape (.2 ().2 (.1 (0.1
Spectral Function 3.1 3.1 5.4 5.4
DE (0.3 (.3 (.1 (.1
C'C' coh. norm. (1.2 (1.2 (1.2 ().2
NC eoh. norm. 2.1 2.1 (.G (.G
NC other norm. 2.6 2.6 (1.8 (.8
o, [ Ow, 1.8 1.8 2.6 2.6
W shape 2.0 2.0 (1.9 (1.9
pion-less A decayv (1.5 (1.5 3.0 3.0
CClw, NC1x" energy shape 2.5 2.5 2.2 2.2
Sk detector eff. 7.1 7.1 3.1 3.1
FSI 3.1 3.1 2.4 2.4
SK momentum scale (1.0) (1.0 (1.0) (.0
Total 21.5 13.4 25.9 10.3
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Method 2 and 3

o Fittorate + Evr“' ;

% T | | .
E 61— ) ] —+— T2K Run 1+2+3 data _
8 L |AmPel=2.4x109 8V2 - Best fit spectrum i
% i Scp=0, §in220p3=1, /) Background component
o i Normal hierarchy 7
O 4 ]
Q

"a‘ - |
=

kS| B i o 7
=1

< ~ |
oo 2 —— —
> _l__l_

o L ] i
e L [ i U
[

a) - _
E VAW/ B

zZ 0 500 1000

Reconstructed neutrino energy (MeV)

* Rate only:

All three analysis methods
give consistent results!

BNL 03/28/2013

aCF’
o

Allowed region of sin22813 for each value of dcp

Normal hierarchy E

L‘nmiz =24x10%V?
2
$in" 20y, = 10

—— Best fit to T2K data |
68% CL
[ 90% CL

0.6

[*]

Funs |- lli: Measurament
Marmal Hisrarchy

2 556x107POT B

—68%CL

L‘ — a0 CL —

02 04
2sin’6,,sin(20, ;)

Neutrino Oscillation at T2K

a2

b1

2

Inverted hierarchy E

Amjy=-24x107%v: 7]
sin* 28, = 10

T2K Run 14243 ]
301x10" pot.

Funs |1l Measurement
Inveried Hisrarehy

2 556:107POT

— B3%CL

— 8% L

H

A AL
0.2

04 06

25in°6,,in"(29, )
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Systematic parameter pull (v fit)
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Neutrino beam line

Conventional beam:  Muon monitors:

. Target:
ki 3 focusing horns .
+C T v+ lonization chambers 5 graphite (26mm x 90cm)
P n H + SiPIN diode (250 kA) He gas cooled

Horns

Neutrino monitor building MUMON

p transport/bending:
superconducting
combined function
magnets

Near detector Primary proton beam line

(ND280) | Y“‘,_‘—;
H2E I _ * Target station
First beam on target: Decay volume _ _
April 23, 2009 Fast p extraction: 8 bunches/spill,
’ Decay volume (96 m) 581 ns separation, 2.5-3.0 s spill period
BNL 03/28/2013 He filled K
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http://jnusrv00.kek.jp/jnu/photo/TS/090113_Yamada/IMG_5129.JPG

Beam monitors

Proton beam precisely tuned (<2mm) to minimize beam

'OTR Light for 5.1x10" Protons on Ti Alloy Targatl

. : =15 53
loss, and control direction of secondary beam £ :
— . . ol 25 §
Horizontal beam orbit | s ik %
ST Before tuning - = e 15 <
g '-';__ ,!-_ f ‘E"i‘# :I:‘ : + i * e FT T e % AT ey +':."-'.- -t i'ﬁ-i "l"ﬁ_; 10
g +; v After tuning : / 5
U sl OTRx=-0.5mm | -1of 0
gt sln 1éu:- 1_-|pn- zcllu F ) * - 5
crt - gl 45 0 5 0 5 10 15
SRR g A TR 050 2SR R0 D a0 R T RGN AR A PR R R i ans MU NaE g RoEEy SRGE SR x (mm)
; i S L Optical transition radiation detector (OTR)
MR extraction Target — immediately upstream of target:
. . gh’: 3
. . o +1 mra :
ionization chambers): £ = ; | Y profile center
Qb I gy N . [ i d L
R ML e, L E LT e
 Measure secondary beam 21 ) = ' Detactor i bt 5
. . . . Ao - - {
direction and |ntenS|ty 5—915. Detector in I'IHSF resolution mmJ
Spi”_by_spi” gm u-uw 04125 05!'13 UEJ‘N' '116113 OB27
. . . . . Zn_::... M TR R R I R —— --"_Z ""‘H “-:-p- P —
« Direction is well within i
~ o 200 3 , 3
Tmrad (A® ~ 2%/mrad at CZ:, rof - RMS{Mean < 1% (whole peripd)
the peak energy) =1 Jan. (stabele targeting, focusrlng) Jun.
BNL 03/28/2013 E T 0173 oar4 0228 o 3024 oana |:-4.-25 waine 05730 0613 g




INGRID: on-axis near detector

Typical CC event in one module

E

120—

100 |

Bﬁ-'— i . 4 | { i i

oF [HINININIE RS
memn A HHHHHL L
vbeam <} | THEUHNE

20— |

Beam prOfiIe T = et B.148 /4

Camnslant 1.064e+04 + 51.76
e ——t JIer0d £ &

12000} ............. R T pmyeo Mean T894 24T

12000 -3 ceenneivnnnns e o Mlesn 2T 2
: H H Sigma LSRR = - ]

7+7 horizontal/vertical + 2 off-cross oo g T
+ 1 proton (no iron) modules seooliE . ............. ............. ,‘ ...... a-:mnu

. a|ternating scintillator/iron planes ﬁﬂnu’_r:_'.g ............. ............. ............. . 6000} ----------- ------------- i -----------
+ veto planes (7 tons/module) e ' T
2 z ; : :

° Coverage 1OX1O m iﬂuﬂu-l':lﬂri-?ﬂntal ______ _____________ ______ EWD—-VE‘H'I_GEI'"; _____________ oo ......

e 700 interactions/day (@ 50kW) JE N

o
-400 -200 0 200 400 =400 -200 0 200 400
distance from INGRID center[cm] distance from INGRID center[cm]
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ND280: off-axis near detector

UA1 Magnet: 0.2 T

UA1 Magnet Yoke

v beam

{!u.

SMRD (Side Muon Range Detector)

Scintillator planes in magnet yoke.
Detect muons from inner detector
(neutrino rate, side muon veto, cosmic trigger)

detector)

POD (=’ Detector)

Scintillators planes
interleaved with water
and lead/brass layers
Optimised for y detection
Mass: 13 t + 3 t (water)

Tracker

ham, 0 ggﬂ“mam Momentum measurement

POD, Barrel and DownStream ECAL

Scintillator planes with radiator
Measure EM showers from inner detector
(y for NC =°, bremstrahlung in v, measurement)
Sand muon rejection

2 FGDs (Fine Grained Detectors)|3 TPCs (Time Projection Chambers):
Thin, wide scintillator planes Momentum measurement of charged
Provides active target mass particles from FGD and POD

Optimised for p recoil detection PID via dE/dx measurement

FGD1: 1t & FGD2: 0.5 t (scint) + 0.5 t (water)
BNL 03/28/2013 Neutrino Oscillation at T2K
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ND280: off-axis near detector

) Scintillator detectors read out
f via WLS fiber coupled to

Si MPPC (667 pixel
avalanche photodiode)
Hamamatsu

Pi0O detector (POD): target
40 x-y scintillator planes
(~10k scint. bars)

Middle: scint+H, O bags (11t) 85

Front/back: calorimeter
(veto and y catcher)
Pb+Scint (6.4t)

ECal: x-y fine grained
SMRD: y range, veto Pb+Scint. (4x1 cm?)
cosmic trigger s — : e ~21k scint. bars (total)
~2k scint. counters OE/E~7.5%/\E
(87x17x0.7 cm3) Time Projection Chambers (TPC):
wireless readout with MicroMegas
(7x10mm? pads) ~124k channels
50 e/u separation, cp/p <10%

= & i = I
339 mm (neutrno beam)

B

Fine Grained Detectors (FGD): B8 | 1726 active pads
x-y scintillator planes B A
(~8.4k scint. bars) )
+ H,0O (in FGD2)

BNL 03/28/2013
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Time Projection Chambers

Novel technology: “wireless” TPC /\t/ wal

Inner wall and

« Strong electric field at MicroMegas mesh e field cage
creates a shower of electrons detected by | f<“"“
6.9x9.7 mm2 pads (12 MM with 1728
pads each) |

Resolution: 1_‘//.-—’7 %
« spatial: 600 ym @ 1m drift distance /5 5
 momentum: <10% @ 1 GeV (B=0.2 T) Qs / -

Front end
cards

Central

 PID: o(dE/dx) ~8% at 0.6 GeV ole Y

TPC Cathode ~ -25 KV

TPC: dE/dx vs p (+ve) TPC: dE/dX (W) rro—wmm) = [\ 0
- | Constant 191.8+ 6.9 -'Ei

E ot T
18 5 220L ' | Mean 1.333 + 0.003
| |_Sigma 0.1041 4 0.0023

o=8%
(400-500 MeV)

-‘\ ‘
- 3, L y Loyl el i Ly
s Lo e Lo Lo Lo o Lo o Lo L la o
e 0B 1 1.2 1.4 1.6 1.8 2 2.2 2.4
200 400 600 800 1000 1200 1400 'Iﬁ;],ﬂ{hhﬂelll_%”é{)mﬂ Em—:-rgy Loss {k&an}
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Multi-Pixel Photon Counters (MPPC)

667 pixels

50 um pixel pitch

60-65% active area

Pixel capacitance : 97.5 fF
Passive quenching 150 MQ
Pixel RC cnst~13 ns

T2K is the first experiment to use MPPCs at a
large scale (~56000 pieces)

« operated in limited Geiger mode (~1V above
breakdown voltage)

« nominal gain: 7.5x10°

« PDE (500 nm): ~20%

e insensitive to magnetic field

« thermal noise: 500 MHz (20C)

« cross talk and after pulsing: ~15%

BNL 03/28/2013
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SK event gallery

Super-Kamiokande IV
TZK Beam Run 0 spill 952106
Run 66831 sSub 410 Event 96851432

Super-Kamiokande IV
TZK. Beam Run 0 sSpill 472240
Run €6719 Sub 196 Event 44482935

Charge (pe)

Charge (pe)
- »>26_7 -

>26.7

Single ring - Single ring
muon-like SRR L Ne | muon-like Lo

Times (ns) Times (ns)

Super-Kamickande |V
T2K Beam Run 0 Spill 384139
Run 665%2 Sub 113 Bvent 26047061

Super-Kamiokande IV
T2FK Beam Run 0 Spill 16781084
Run 66922 sub 205 Event 48713749

Owall:

Charge (pe)
- >26.7

Charge (pe)
- >26.7
23.3-26.7

O
)

seras
PomBUK

Multi ring
muon-like

Multi ring
E e-like

a L 1 I
a 500 100D 1EOD 2000

Times (ns)

BNL Uj/ZS/Zulj INCULUIIV L)SCixLuuULL Al L &1



First v event candidate

Super-Kamiokande IV
TZE Beam Run O Spill 222275
Fun &6778 Sulk 585 Event 13422543

Charge (pa)
- =26 .7

oD R W
B =0 b B =]

8 F @
i

[tem Event T2K cut

Date (JST) 2010 May 12th 21:3:22 =T

Ring, PID I-Ring electron-like OK T

Momentum 378 MeV >100 o

Niey 0 0 =T

cos(fe ) 0.55 (57 degree) N/A T .5:'-:'. I L1'|:u|:-:u. I 1.;:'; 2000
Mass 0.13 MeV <105 Times (ns)

| 496 MeV <1250
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T2K collaboration

~500 members, 56 institutions, 11 countries

Canada, France, Germany, ltaly, Japan, Poland, Russia, Spain, Switzerland, UK,

US:

Boston U.
Colorado S.U.
Duke U.
Louisiana S.U.
Stony Brook U.
UC Irvine

U. Colorado
U. Pittsburgh
U. Rochester
U. Washington

- § f"&ﬂ %
T RS
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Analysis concept

measurement «Far/Near extrapolation o i
E expecte
2 5O (D .ND (D L . Far Detector (SK)

_____ s W —— = =Da
:;;B‘ :' N 3 i JﬂHL" | C?manmn {g.

MNear Detector

ot v oscillation parameters
E(L’-H'I-

| 1 L4
I T 27

Om 280m

1/K prod. measurement by NA61 N SK F SK
e ) 4 v

# of observed events @ SK:
NvesK = P(v,2v,) x|®3%(v ) x o(v interaction)
®3K(v,) x o(v int.) = R(SK/ND) x ®"P(v,) x o(v int.)
= R(SK/ND) x Nv NP & ND measurement.

(SK/ND) : Far to Near flux extrapﬂlation.

Targeting condition: Measured by proton beam monitors.
p., 0_distribution: Measured by CERN NAG1 “‘Beam MC”
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1.0

(MW

o
S

=
N

BEAM POWER

BNL 03/28/2013

Accelerator power

PMR (8-bunch@®30GeV) = 1.6 x PRCS / MRCYCLE
{ ): Beam transfer ratio from RSC to MR

RCS POW
bsec (2.7%)

MR POWER AT 30GeV

2.23sec (7.2%)
]

(6.5%) . i
(maximum cycle with e

10

w
°®
2
a
&
2

existing power supply) 1 psec (1

2008 2009 2010 2011 2012 2013 2014 2015
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Ultimate sensitivity

.V, disappearance:

. V_appearance:
5(sin’20_)=0.01 & 5(Am? )<1x10* eV?

sin22913< 0.008 (90% C.L.) (90% C.L.)
(1) iy -
5x0.75 MW x 10’s (8.3 x 10*" PoT) . o1
90% CL 0, Sensitivity 9x0.75 MW x 10°s (8.3 x 10°" PoT)
R S 33 VINGS best it 1 SuperKao T
Systematic Error Fraction T MlNDS SU% R SUpEr—K L‘JE 90%
= | - Mnos e
a " — 2% 8yS ETOT cij:,
> 10° ] Normal Hierarchy [
c o T2K
r.n2 A — A _')gc:al
I, 5 T,
™ N :
E102 = B
“ ﬁ‘-«th_‘ ﬂ
| Target: o 2" MINOS ans Super
T July 2011 ; preliminary results
i _at Neutrino2010
/o3 L é v o
e 107 08 08 09 095 1
Protons on Target s
sin“20
2 - -3 2 —
(Am? =2.4x10° eV2, §_= 0)
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Neutrinos in the Standard Model

Properties of neutrinos (neutral leptons): E%E%%%{ESY

* Three light (active) neutrinos

* No electric charge or color — only weak
Interaction

» left-handed neutrino (right handed anti-
neutrino)

 massless (no right-handed neutrinos):

m (Y, ¥, + vy .y) I

Three Generations of Matter

Neutrino oscillation can only happen if neutrinos have mass -
first direct evidence for new physics beyond the SM

How the neutrino mass is generated is still a mystery
(Dirac or Majorana, see-saw mechanism?)

BNL 03/28/2013 Neutrino Oscillation at T2K oy



Fermilab connection

* Horn-2 development/construction — MiniBooNE experience

« Scintillator extrusion R&D — in particular POD scintillator bars (same as
MINERVA's) were produced in Lab 6 (PPD/Tech Center)

* Fiber mirrors for POD/FGD (PPD/Tech Center)

* Front-end Electronics for POD/ECal/SMRD: Trip-t ASIC based read out (DO,
MINERVA — PPD/EED)

i

monnmps iy | and Yoltage
i H\"__' “'"‘" monitoring

|
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